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Abstract 
This paper presents numerical simulations for the transmission dynamics of avian influenza using the model 
formulated and analysed by Kimbir etal (2014). It is proved that the disease free equilibrium state is locally 
asymptotically stable whenever the reproduction number is less than unity. The implication is that if the 
reproduction number is less than unity, the infection is controlled or eradicated and the disease persists 
otherwise. The numerical simulations are consistent with the local stability of the disease-free states. The 
simulations further reveals that the infection transmission rate constitutes an essential parameter for an epidemic 
to occur, thus efforts should be geared at bringing the infection transmission to the lowest level in order to ensure 
eradication. It was also shown from the study that increasing culling of infected birds, will reduce the disease 
progression within the birds’ population thereby, reducing the transmission of avian influenza. Effective isolation 
of infected individuals without culling is vital to eradicating the disease transmission, but a combined effective 
use of culling of infected birds and isolation of infected humans is a strong control measure against pandemics.   
Key words: Avian influenza, Mathematical model, Basic reproduction number, Numerical simulations 
 
1.0   INTRODUCTION 
Avian influenza  or bird- flu is a contagious disease of animals caused by influenza A virus that normally infects 
mostly birds and less commonly, pigs (Arora and Arora, 2008; Alexander, 2000). Infection with avian influenza 
A viruses in birds (wild and domestic) causes two main forms of diseases that are distinguished by low and high 
extremes of virulence, namely low pathogenic avian influenza (LPAI) and highly pathogenic avian influenza 
(HPAI). The ‘low pathogenic’ form may go undetected and usually causes only mild symptoms such as ruffled 
feathers and a drop in egg production in domestic poultry. However the high pathogenic form spreads more 
rapidly through flocks of poultry. The mortality can approach 100%, often within 48 hours (DeJong and Hien, 
2006). 
Most cases of avian influenza infection in humans have resulted from direct or close contact with infected 
poultry such as domesticated chickens, ducks and turkeys or surfaces contaminated with secretions and 
excretions from infected birds (De Jong and Hien, 2006).  
A number of mathematical models both deterministic and stochastic have been used to predict the world wide 
spread of pandemic influenza and for comparing interventions aimed at preventing and controlling avian 
influenza. See for example, Ferguson et al, (2005); Derouich and Boutayeb (2008) and Srinivasa (2008). Okosun 
and Yusuf (2007); Srinivasa (2008); Derouich and Bontayeb (2008) presented various mathematical models for 
avian influenza (H5N1). These models do not explicitly take into account any control measures. 
Kimbir et al (2014) formulated and analysed a model for the transmission dynamics of avian influenza the thrust 
of  this study is to  build on the model formulated and analysed by  exploring numerical solutions to the model. 
The paper is organized as follows, in Section 2, we present a model by Kimbir et al (2014) consisting of ordinary 
differential equations (ODE) that describes the interaction between birds and human population and the 
underlying assumptions and establish the existence and local stability of the disease free equilibrium states. In 
Section 3, we explore the numerical results. Our conclusions are discussed in Section 4. 
 
2.0  Model Formulation 
In their work, Kimbir et al (2014) subdivide the total avian (birds) population at time t, denoted by 𝑁𝐵(𝑡) into 
susceptible wild birds, 𝑆𝑊(𝑡), susceptible domestic birds, 𝑆𝐷(𝑡),  infected wild birds, 𝐼𝑊(𝑡), and infected 
domestic birds, 𝐼𝐷(𝑡), so that 
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𝑁𝐵(𝑡) =  𝑆𝑊(𝑡) +  𝑆𝐷(𝑡) +  𝐼𝑊(𝑡) +  𝐼𝐷(𝑡). 
 
 In the human population, they assume that humans infected with avian influenza cannot infect susceptible 
humans. Thus the total human population at time t, denoted by 𝑁𝐻(𝑡) is sub-divided into susceptible humans, 
𝑆𝐻(𝑡), infected humans, 𝐼𝐻(𝑡),  isolated infected humans, 𝑄𝐻(𝑡), and recovered humans, 𝑅𝐻(𝑡), so that 
 
    𝑁𝐻(𝑡) =  𝑆𝐻(𝑡) + 𝐼𝐻(𝑡) + 𝑄𝐻(𝑡) +  𝑅𝐻(𝑡) 
 
The variables and parameters used in the model are defined in Table 1. 
 
Table 1: Variables and Parameters used in the model and their description 
Variable/Parameter   Description 
𝑁𝑊(𝑡)     Total number of wild birds at time t 
𝑁𝐷(𝑡)    Total number of domestic birds at time t 
𝑁𝐻(𝑡)     Total number of humans at time t 
𝑆𝑊(𝑡)     Total number of Susceptible wild birds at time t 
𝐼𝑊(𝑡)        Total number of Infected wild birds at time t 
𝑆𝐷(𝑡)      Total number of Susceptible domestic birds at time t 
𝐼𝐷(𝑡)       Total number of Infected domestic birds at time t 
𝑆𝐻(𝑡)     Total number of Susceptible humans at time t 
𝐼𝐷(𝑡)     Total number of Infected humans at time t 
𝑄𝐻(𝑡)         Total number of Isolated humans with avian strain at time t 
𝑅𝐻(𝑡)      Total number of Recovered humans at time t 
𝛽𝑊            Average birth rate in wild birds 
𝛽𝐷            Average birth rate in domestic birds 
𝛼𝑊 , 𝛼𝐷, 𝛼𝐴  Infection transmission rates for birds 
𝜂       Destruction (culling) rate for infected birds 
 𝛿𝐵             Natural death rate in birds 
 𝑑𝑤             Flu induced death rate in wild birds 
 𝑑𝐷            Flu induced death rate in domestic birds 
 𝛽𝐻              Average birth rate in humans 
 𝛿𝐻            Natural death rate in humans                           
 𝑑𝐻             Flu induced death rate in humans 
𝜀𝐻      Isolation rate for humans with avian stain 
𝜗𝐻       Flu induced death rate in Isolated humans (𝜗𝐻 < 𝑑𝐻 ) 
𝑣             Recovery rate without immunity 
 𝛾           Recovery rate with substantial immunity 
   𝜎           Loose of immunity rate in recovered humans 
 
 
A schematic flow diagram of the extended model for the birds’ population and human population is shown in 
Figure 1 below. 
   
Wild Birds 
        𝛿𝐵𝑆𝑊                                   𝛿𝐵𝐼𝑊              
𝛽𝑊𝑁𝑊 𝑆𝑊(𝑡)              𝛼𝑊( 
𝐼𝑊
𝑁𝑊
+
𝐼𝐷
𝑁𝐷
)𝑆𝑊         𝐼𝑊(𝑡)         (𝑑𝑊 + 𝜂)𝐼𝑊 
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Domestic Birds 
    
  𝛽𝐷𝑁𝐷  𝑆𝐷(𝑡)      𝛼𝐷( 
𝐼𝑊
𝑁𝑊
+
𝐼𝐷
𝑁𝐷
)𝑆𝐷        𝐼𝐷(𝑡)       (𝑑𝐷 + η)𝐼𝐷 
       
                               𝛿𝐵𝑆𝐷                                         𝛿𝐵𝐼𝐷 
 
Humans 
    𝜈𝐼𝐻   
                   𝛿𝐻𝑆𝐻                                                  (𝑑𝐻 + 𝛿𝐻)𝐼𝐻 
 
𝛽𝐻𝑁𝐻         𝑆𝐻(𝑡)          𝛼𝐴( 
𝐼𝑊
𝑁𝑊
+
𝐼𝐷
𝑁𝐷
)𝑆𝐻          𝐼𝐻(𝑡)               
                                                              
                      𝜀𝐻𝐼𝐻    
       𝜈𝑄𝐻                 𝑄𝐻(𝑡)              (𝑑𝐻 + 𝜗𝐻)𝑄𝐻                
                                                                        
             𝛾𝑄𝐻                  𝛾𝐼𝐻           
                               
                                              𝜎𝑅𝐻               𝑅𝐻(𝑡) 
 
                          𝛿𝐻𝑅𝐻 
Figure 1: Schematic diagram of the transmission dynamics of avian influenza (H5N1) in birds and  human 
population.                       
 
The above assumptions and schematic diagrams leads to the following system of ordinary differential equations 
 
    
𝑑𝑆𝑊
𝑑𝑡
 =  𝛽𝑊𝑁𝑊 − 𝛼𝑊 (
𝐼𝑊
𝑁𝑊
+
𝐼𝐷
𝑁𝐷
) 𝑆𝑊 − 𝛿𝐵𝑆𝑊 ,           (1) 
    
𝑑𝐼𝑊
𝑑𝑡
 =  𝛼𝑊 (
𝐼𝑊
𝑁𝑊
+
𝐼𝐷
𝑁𝐷
) 𝑆𝑊 − (𝑑𝑊 + 𝛿𝐵 + 𝜂)𝐼𝑊 ,     (2) 
    
𝑑𝑆𝐷
𝑑𝑡
 =  𝛽𝐷𝑁𝐷 − 𝛼𝐷 (
𝐼𝑊
𝑁𝑊
+
𝐼𝐷
𝑁𝐷
) 𝑆𝐷 − 𝛿𝐵𝑆𝐷 ,                (3) 
    
𝑑𝐼𝐷
𝑑𝑡
 =  𝛼𝐷 (
𝐼𝑊
𝑁𝑊
+
𝐼𝐷
𝑁𝐷
) 𝑆𝐷 − (𝑑𝐷 + 𝛿𝐷 + 𝜂)𝐼𝐷 ,     (4) 
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𝑑𝑆𝐻
𝑑𝑡
 =  𝛽𝐻𝑁𝐻 − 𝛼𝐵 (
𝐼𝑊
𝑁𝑊
+
𝐼𝐷
𝑁𝐷
) 𝑆𝐻 − 𝛿𝐻𝑆𝐻 + 𝜈𝐼𝐻 + 𝜈𝑄𝐻 + 𝜎𝑅𝐻 ,   (5)    
    
𝑑𝐼𝐻
𝑑𝑡
 =   𝛼𝐵 (
𝐼𝑊
𝑁𝑊
+
𝐼𝐷
𝑁𝐷
) 𝑆𝐻 − (𝜀𝐻 + 𝑑𝐻 + 𝛿𝐻 + 𝜈 + 𝛾)𝐼𝐻 ,    (6) 
   
𝑑𝑄𝐻
𝑑𝑡
 =  𝜀𝐻𝐼𝐻 − (𝜈 + 𝜗𝐻 + 𝛾 + 𝛿𝐻)𝑄𝐻 ,      (7) 
     
𝑑𝑅𝐻
𝑑𝑡
 =  𝛾𝐼𝐻 + 𝛾𝑄𝐻 − (𝜎 + 𝛿𝐻)𝑅𝐻 ,      (8) 
For prevalence of the disease, it is necessary to consider the model in proportions of susceptible, infectious, 
isolated and recovered compartments. 
 
Defining the proportion for each class as follows: 
 𝑠𝑤 =
𝑆𝑊
𝑁𝑊
,  𝑖𝑊 =
𝐼𝑊
𝑁𝑊
, 𝑠𝐷 =
𝑆𝐷
𝑁𝐷
,  𝑖𝐷 =
𝐼𝐷
𝑁𝐷
, 𝑠𝐻 =
𝑆𝐻
𝑁𝐻
, 𝑖𝐻 =
𝐼𝐻
𝑁𝐻
, 𝑞𝐻 =
𝑄𝐻
𝑁𝐻
, 𝑟𝐻 =
𝑅𝐻
𝑁𝐻
, 
so that 
             𝑠𝑊 + 𝑖𝑊 = 1 ⇒ 𝑠𝑊 = 1 − 𝑖𝑊 , 𝑠𝐷 + 𝑖𝐷 = 1 ⇒ 𝑠𝐷 = 1 − 𝑖𝐷 
and  
            𝑠𝐻 + 𝑖𝐻 + 𝑞𝐻 + 𝑟𝐻 = 1 ⇒ 𝑠𝐻 = 1 − 𝑖𝐻 − 𝑞𝐻 − 𝑟𝐻 
Thus, the system (1) – (8) expressed in proportion is given below: 
𝑑𝑠𝑊
𝑑𝑡
= 𝛽𝑊 − 𝛼𝑊(𝑖𝑊 + 𝑖𝐷)𝑠𝑊 − 𝛽𝑊𝑠𝑊 + (𝑑𝑤 + 𝜂)𝑖𝑊𝑠𝑊                        (9) 
𝑑𝑖𝑊
𝑑𝑡
= 𝛼𝑊(𝑖𝑊 + 𝑖𝐷)𝑠𝑤 − (𝑑𝑊 + 𝛽𝑊 + 𝜂)𝑖𝑊 + (𝑑𝑤 + 𝜂)𝑖𝑊
2                (10) 
𝑑𝑠𝐷
𝑑𝑡
= 𝛽𝐷 − 𝛼𝐷(𝑖𝑊 + 𝑖𝐷)𝑠𝐷 − 𝛽𝐷𝑠𝐷 + (𝑑𝐷 + 𝜂)𝑖𝐷𝑠𝐷                           (11) 
𝑑𝑖𝐷
𝑑𝑡
= 𝛼𝐷(𝑖𝑊 + 𝑖𝐷)𝑠𝐷 − (𝑑𝐷 + 𝛽𝐷 + 𝜂)𝑖𝐷 + (𝑑𝐷 + 𝜂)𝑖𝐷
2                     (12) 
𝑑𝑠𝐻
𝑑𝑡
= 𝛽𝐻 − 𝛼𝐵(𝑖𝑊 + 𝑖𝐷)𝑠𝐻 + 𝑣(𝑖𝐻 + 𝑞𝐻) + 𝜎𝑟𝐻 − 𝛽𝐻𝑠𝐻 + 𝑑𝐻𝑠𝐻𝑖𝐻 + 𝜗𝐻𝑠𝐻𝑞𝐻         (13) 
𝑑𝑖𝐻
𝑑𝑡
= 𝛼𝐵(𝑖𝑊 + 𝑖𝐷)𝑠𝐻 − (𝜀 + 𝑑𝐻 + 𝛽𝐻 + 𝑣 + 𝛾)𝑖𝐻 +𝜗𝐻𝑖𝐻𝑞𝐻 + 𝑑𝐻𝑖𝐻
2               (14) 
𝑑𝑞𝐻
𝑑𝑡
= 𝜀𝐻𝑖𝐻 − (𝑣 + 𝜗𝐻 + 𝛾 + 𝛽𝐻)𝑞𝐻 + 𝑑𝐻𝑖𝐻𝑞𝐻 + 𝜗𝐻𝑞𝐻
2                        (15) 
𝑑𝑟𝐻
𝑑𝑡
= 𝛾𝑖𝐻 + 𝛾𝑞𝐻 − (𝜎 + 𝛽𝐻)𝑟𝐻 + 𝑑𝐻𝑖𝐻𝑟𝐻 + 𝜗𝐻𝑞𝐻𝑟𝐻                       (16)` 
The system (9) – (16) can be reduced further by setting  
 𝑠𝑊 = 1 − 𝑖𝑊 , 𝑠𝐷 = 1 − 𝑖𝐷   and  𝑠𝐻 = 1 − 𝑖𝐻 − 𝑞𝐻 − 𝑟𝐻  
𝑑𝑖𝑊
𝑑𝑡
= 𝛼𝑊(𝑖𝑊 + 𝑖𝐷)(1 − 𝑖𝑊) − (𝑑𝑊 + 𝛽𝑊 + 𝜂)𝑖𝑊 + (𝑑𝑤 + 𝜂)𝑖𝑊
2           (17) 
𝑑𝑖𝐷
𝑑𝑡
= 𝛼𝐷(𝑖𝑊 + 𝑖𝐷)(1 − 𝑖𝐷) − (𝑑𝐷 + 𝛽𝐷 + 𝜂)𝑖𝐷 + (𝑑𝐷 + 𝜂)𝑖𝐷
2                 (18) 
𝑑𝑖𝐻
𝑑𝑡
= 𝛼𝐵(𝑖𝑊 + 𝑖𝐷)(1 − 𝑖𝐻 − 𝑞𝐻 − 𝑟𝐻) − (𝜀 + 𝑑𝐻 + 𝛽𝐻 + 𝑣 + 𝛾)𝑖𝐻 +𝜗𝐻𝑖𝐻𝑞𝐻 + 𝑑𝐻𝑖𝐻
2         (19) 
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𝑑𝑞𝐻
𝑑𝑡
= 𝜀𝐻𝑖𝐻 − (𝑣 + 𝜗𝐻 + 𝛾 + 𝛽𝐻)𝑞𝐻 + 𝑑𝐻𝑖𝐻𝑞𝐻 + 𝜗𝐻𝑞𝐻
2                   (20) 
𝑑𝑟𝐻
𝑑𝑡
= 𝛾𝑖𝐻 + 𝛾𝑞𝐻 − (𝜎 + 𝛽𝐻)𝑟𝐻 + 𝑑𝐻𝑖𝐻𝑟𝐻 + 𝜗𝐻𝑞𝐻𝑟𝐻                  (21)` 
These are the governing equations of the model. 
 
 
2.1 Existence and Local Stability of the Disease-Free Equilibrium  
The model in proportion given by equations (19) – (23) has a unique disease – free equilibrium state given by                    
ℰ0 = (𝑖𝑊 , 𝑖𝐷 , 𝑖𝐻 , 𝑞𝐻 , 𝑟𝐻) = (0, 0, 0, 0, 0) obtained by setting 𝑖𝑊 = 0, 𝑖𝐷 = 0, 𝑖𝐻 = 0, 𝑞𝐻 = 0, 𝑟𝐻 = 0. 
 
The local stability of ℰ0 will be explored using the next generation operator method (Diekmann et al., 1990; Van 
den Driessche and Watmough, 2002)., We rewrite the model equation which contribute to the transmission of 
infection, in this case the 𝑖𝑊, 𝑖𝐷 and  𝑖𝐻 classes. Thereafter write down matrix of infection rates 𝐹𝑖 and the 
transition rate matrix 𝑉𝑖 which represents rates of appearance of new infections into infective class and the 
transfer of individuals into and out of this class by all other means respectively. 
The rate of appearance of new infection in compartments  𝑖𝑊, 𝑖𝐷 and  𝑖𝐻 are given by  
 
𝐹(𝑥) =  (
𝛼𝑊(𝑖𝑊 − 𝑖𝑊
2 + 𝑖𝐷 − 𝑖𝑊𝑖𝐷)
𝛼𝐷(𝑖𝑊 − 𝑖𝑊𝑖𝐷 + 𝑖𝐷 − 𝑖𝐷
2)
𝛼𝐵(𝑖𝑊 + 𝑖𝐷)(1 − 𝑖𝐻 − 𝑞𝐻 − 𝑟𝐻)
). 
While the remaining transfer terms in compartments 𝑖𝑊, 𝑖𝐷 and  𝑖𝐻 are given by 
𝑉(𝑥) = (
(𝑑𝑊 + 𝛽𝑊 + 𝜂)𝑖𝑊 − (𝑑𝑤 + 𝜂)𝑖𝑊
2
(𝑑𝐷 + 𝛽𝐷 + 𝜂)𝑖𝐷 − (𝑑𝐷 + 𝜂)𝑖𝐷
2
(𝜀 + 𝑑𝐻 + 𝛽𝐻 + 𝑣 + 𝛾)𝑖𝐻 − 𝜗𝐻𝑖𝐻𝑞𝐻 + 𝑑𝐻𝑖𝐻
2
). 
Taking partial derivatives of 𝐹(𝑥) with respect to 𝑖𝑊, 𝑖𝐷 and  𝑖𝐻 at the disease – free equilibrium state ℰ0 
= (𝑖𝑊 , 𝑖𝐷 , 𝑖𝐻 , 𝑞𝐻 , 𝑟𝐻) = (0, 0, 0, 0, 0), to obtain 
 
𝐹𝑥(ℰ0) =  (
𝛼𝑤 𝛼𝑤 0
𝛼𝐷 𝛼𝐷 0
𝛼𝐵 𝛼𝐵 0
). 
Similarly the matrix of partial derivatives of 𝑉(𝑥) at the disease – free equilibrium state ℰ0 
= (𝑖𝑊 , 𝑖𝐷 , 𝑖𝐻 , 𝑞𝐻 , 𝑟𝐻) = (0, 0, 0, 0, 0) is given by 
 
𝑉𝑥(ℰ0) =  (
𝑑𝑊 + 𝛽𝑊 + 𝜂 0 0
0 𝑑𝐷 + 𝛽𝐷 + 𝜂 0
0 0 𝜀 + 𝑑𝐻 + 𝛽𝐻 + 𝑣 + 𝛾
). 
and 
𝑉𝑥
−1(ℰ0) =  
(
 
 
 
 
1
𝑑𝑊 + 𝛽𝑊 + 𝜂
0 0
0
1
𝑑𝐷 + 𝛽𝐷 + 𝜂
0
0 0
1
𝜀 + 𝑑𝐻 + 𝛽𝐻 + 𝑣 + 𝛾)
 
 
 
 
. 
Then 
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𝐹𝑥(ℰ0)𝑉𝑥
−1(ℰ0) =  
(
 
 
 
𝛼𝑤
𝑑𝑊 + 𝛽𝑊 + 𝜂
𝛼𝑤
𝑑𝐷 + 𝛽𝐷 + 𝜂
0
𝛼𝐷
𝑑𝑊 + 𝛽𝑊 + 𝜂
𝛼𝐷
𝑑𝐷 + 𝛽𝐷 + 𝜂
0
𝛼𝐵
𝑑𝑊 + 𝛽𝑊 + 𝜂
𝛼𝐵
𝑑𝐷 + 𝛽𝐷 + 𝜂
0
)
 
 
 
. 
The eigenvalues are determined by solving the characteristic equation 
 
 det(𝐹𝑥(ℰ0)𝑉𝑥
−1(ℰ0) − 𝜆) = 0  
𝑑𝑒𝑡
(
 
 
 
𝛼𝑤
𝑑𝑊 + 𝛽𝑊 + 𝜂
− 𝜆
𝛼𝑤
𝑑𝐷 + 𝛽𝐷 + 𝜂
0
𝛼𝐷
𝑑𝑊 + 𝛽𝑊 + 𝜂
𝛼𝐷
𝑑𝐷 + 𝛽𝐷 + 𝜂
− 𝜆 0
𝛼𝐵
𝑑𝑊 + 𝛽𝑊 + 𝜂
𝛼𝐵
𝑑𝐷 + 𝛽𝐷 + 𝜂
0 − 𝜆
)
 
 
 
= 0 
That is 
 
(0 − 𝜆) [(
𝛼𝑤
𝑑𝑊 + 𝛽𝑊 + 𝜂
− 𝜆) (
𝛼𝐷
𝑑𝐷 + 𝛽𝐷 + 𝜂
− 𝜆) −
𝛼𝐷
𝑑𝑊 + 𝛽𝑊 + 𝜂
𝛼𝑤
𝑑𝐷 + 𝛽𝐷 + 𝜂
] = 0 
(0 − 𝜆) [𝜆2 − (
𝛼𝑤
𝑑𝑊 + 𝛽𝑊 + 𝜂
+
𝛼𝐷
𝑑𝐷 + 𝛽𝐷 + 𝜂
) 𝜆] = 0 
(0 − 𝜆)𝜆 [𝜆 − (
𝛼𝑤
𝑑𝑊 + 𝛽𝑊 + 𝜂
+
𝛼𝐷
𝑑𝐷 + 𝛽𝐷 + 𝜂
)] = 0 
∴  𝜆 = 0 or 𝜆 =
𝛼𝑤
𝑑𝑊+𝛽𝑊+𝜂
+
𝛼𝐷
𝑑𝐷+𝛽𝐷+𝜂
 
The maximum eigenvalue of 𝐹𝑥(ℰ0)𝑉𝑥
−1(ℰ0) is given as: 
𝜆 =
𝛼𝑤
𝑑𝑊 + 𝛽𝑊 + 𝜂
+
𝛼𝐷
𝑑𝐷 + 𝛽𝐷 + 𝜂
 
Thus, the basic reproduction number is given as: 
𝑅0 =
𝛼𝑤
𝑑𝑊+𝛽𝑊+𝜂
+
𝛼𝐷
𝑑𝐷+𝛽𝐷+𝜂
       (30) 
Thus we proved the following lemma. 
 
Lemma 1: The DFEs of the model (19) – (23), given by ℰ0, is locally asymptotically stable (LAS) if 𝑅0 < 1 and 
ℰ0 is unstable if  𝑅0 > 1.  
 
3.0  Numerical Simulations. 
In order to carry out the numerical simulation, the parameters 
𝛽𝑊 , 𝛽𝐷 , 𝛽𝐻 , 𝛼𝑊 , 𝛼𝐷, 𝛼𝐴, 𝑑𝑊 , 𝑑𝐷 , 𝑑𝐻 , 𝛿𝐵, 𝛿𝐻 , 𝜂, 𝜀𝐻 , 𝑣, 𝛾, 𝜎, 𝜗𝐻 as defined section 3 are assigned specific values as 
well as the initial values of the variables  𝑖𝑊 , 𝑖𝐷 , 𝑖𝐻 , 𝑞𝐻  and 𝑟𝐻  as shown in Table 1 below and subsequently 
implemented on MATLAB. It should be mentioned that all these parameters except 𝜂, 𝜗𝐻 and 𝜀𝐻 are estimated 
on the basis of some published data (Iwani et al., 2009; Chowell et al., 2008; Santrock, 2007; Wiraman, 2007; 
The Writing Committee of the World Health Organisation (WHO) Consultation on Human Influenza A/H5, 
2006). 
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Table 2: TABLE SHOWING PARAMETER VALUES USED IN NUMERICAL SIMULATIONS 
Parameter   Baseline value        Reference 
𝛽𝑊 , 𝛽𝐷, βB                           0.6   Iwani et al (2009) 
𝛼𝑊 , 𝛼𝐷, 𝛼𝐵                    0.3    Chowell et al (2008) 
𝛿𝐵                           1.37 × 10
−3
    Iwani et al (2009) 
𝑑𝑊 , 𝑑𝐷 , 𝑑𝐵                  0.1   Iwani et al (2009) 
𝛽𝐻                            0.043     Iwani et al (2009) 
𝑑𝐻                          0.1  The Writing Committee of the World Health Org. (WHO) 
    Consultation on Human Influenza  A/H5 (2006)                          
𝛿𝐻                        4.2 × 10
−5  Santrock (2007) 
𝑣                             1.7 × 10  Chowell et al (2008)  
𝜂    0.1   assumed 
𝜀𝐻    0.3   assumed 
𝜗𝐻                               0.05   Chowell et al (2008) 
𝛾             0.0017   Wiraman (2007) 
𝜎              0.0009   Wiraman (2007) 
 
 
TABLE 3: INITIAL VALUES FOR VARIABLES USED IN  NUMERICAL SIMULATIONS. 
     Variable  Value    Reference 
 𝑠𝑊(0)   0.98    Iwani et al (2009) 
         𝑖𝑊(0)    0.02    Iwani et al (2009) 
 𝑠𝐷(0)   0.98    Iwani et al (2009) 
 𝑖𝐷(0)   0.02    Iwani et al (2009) 
 𝑠𝐻(0)   0.99    assumed 
𝑖𝐻(0)   0.01    assumed 
 𝑞𝐻(0)  0    assumed 
 𝑟𝐻(0)  0    assumed 
 
 
3.1  Numerical Experiments 
 
3.1.1  Experiment 1 
In this experiment we show how the disease progresses in the absence of intervention varying the 
infection transmission rates. Here, we wish to ascertain whether the solution profile will converge to the 
disease free equilibrium (DFE). The graph of the numerical results is presented in Figure 2. 
 
3.1.2  Experiment 2. 
The simulation was carried out similar to experiment 1 but with a “weak” control (culling of infected 
birds); we intend to illustrate the effect of culling of infected birds on the infected bird population using 
different infection transmission rates. The associated graph is shown in Figure 3. 
 
3.1.3:  Experiment 3. 
This experiment has the same intention with Experiment 2, but with a “strong” culling (80% of the 
infected birds) rate. The numerical result and the associated graph is exhibited in Figure 4. 
 
 
3.1.4:  Experiment 4. 
We consider the effect of culling of infected birds in the disease transmission in birds using three 
scenarios: one with “weak” control (culling) by setting the culling rate 𝜂 = 0.2, the second with 
“average control (culling) by setting the culling rate 𝜂 = 0.5, while the third has to do with “strong” 
control (culling) by setting the culling rate 𝜂 = 0.85. The  graph is displayed in Figure 5. 
 
3.1.5  Experiment 5 
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Avian influenza transmission from birds to humans with no control strategy is the focus of this 
experiment. We wish to confirm whether the simulation with different infection transmission rate 
converges to the disease free equilibrium (DFE). The corresponding graph is presented in Figure 6. 
 
3.1.6  Experiment 6. 
In this experiment, single control measure was considered, that is the isolation of infected human 
without culling of infected birds. “Weak” isolation rate 𝜀𝐻 = 0.1   was used for the simulation. We wish 
to ascertain the effect of isolation of infected humans in avian influenza transmission and whether this 
simulation also converges to the disease free equilibrium. The graph is shown in Figure 7. 
 
3.1.7:  Experiment 7. 
The simulation in this experiment is similar to Experiment 6 but with “strong” isolation rate, 𝜀𝐻 = 0.6 
and different infection transmission rates. The graph is displayed in Figure 8. 
 
3.1.8:  Experiment 8 
In this experiment, the simulation was based on three different isolation rates with no culling. We wish 
to ascertain the role or effect of isolation of infected humans in avian influenza eradication from human 
populations. The graph is shown in Figure 9. 
 
3.1.9:  Experiment 9. 
This simulation is a combination of the two control strategies: culling of infected birds and isolation of 
infected humans. The experiment focused “weak” culling and the effect of isolation of infected humans 
in avian influenza transmission. The numerical result and the associated graph is exhibited in Figure 10. 
 
3.1.10 Experiment 10 
In this experiment, we focus on the effect of isolation of infected humans with “strong” culling for 
infected birds. We wish to ascertain the impact of these two control strategies in avian eradication in the 
human population. The graph is exhibited in Figure 11. 
 
 
3.2 Numerical Results 
The numerical results from Experiment 1 to Experiment 10 are tabulated in Table 3 – Table 12 (see 
Appendix A) and plotted graphically as presented in Figure 5 to Figure 14 below.   
 
 
Figure 2: Prevalence of infected birds as a function of time with no control strategy (𝑅0 < 1), using different 
infection transmission rates, 𝛼𝐵 = 0.3, 0.55 and 0.65.   
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Figure 3: Prevalence of infected birds as a function of time with weak control (culling of infected birds) strategy 
using different infection transmission rates, 𝛼𝐵 = 0.3, 0.65 and 0.75. 
 
Figure 4: Prevalence of infected birds as a function of time with strong control (culling) strategy using different 
infection transmission rates, 𝛼𝐵 = 0.3, 0.6 and 0.75.  
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Figure 5: Effect of culling of infected birds on the proportion of infected birds as function of time. 
 
Figure 6: Prevalence of infected humans as a function of time with no control strategy 
  (𝑅0 < 1), using different infection transmission rates, 𝛼𝐵 = 0.36, 0.6 and 0.8.  
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Figure 7: Prevalence of infected humans as a function of time with weak control (isolation) strategy using 
different infection transmission rates, 𝛼𝐵 = 0.36, 0.6 and 0.8.  
 
 
Figure 8: Prevalence of infected humans as a function of time with strong control strategy (isolation of infected 
human) using different infection transmission rates, 𝛼𝐵 = 0.36, 0.6 and 0.8. 
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Figure. 9: Effect of isolation of infected human without culling of infected birds on the proportion of infected 
humans. 
 
Figure 10: Effect of isolation of infected human with weak culling of infected birds on the proportion of infected 
humans.  
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Figure 11: Effect of isolation of infected human with strong culling of infected birds on the proportion of 
infected humans.  
 
3.3  Discussion 
We will first discuss in this section how the disease progresses in the absence of intervention. Secondly when 
there is intervention in the form of culling of infected birds and lastly, the effects of isolation of infected humans. 
In each case we vary the most important parameters such as the infection transmission parameter, 𝛼, the culling 
rate for infected birds, 𝜂, and isolation rate for infected humans, 𝜀.  
 
Figure 2 shows increasing prevalence of avian influenza with increasing infection transmission rates (𝛼𝐵 =
0.3, 0.55, 0.65)in the absence of any intervention (𝜂 = 0) . With the basic reproduction number, 𝑅0 < 1 in each 
case, shows convergence of the solution profile to the disease free equilibrium (DFE). This is consistent with 
Lemma 1. The implication of this result is that, for an effective preventive strategy, effort should be geared at 
reducing the infection transmission rate. 
 
Figure 3 shows increasing prevalence of avian influenza with increasing infection transmission rate (𝛼𝐵 =
0.3, 0.55, 0.65)in the presence of weak culling rate (𝜂 = 0.1). There is no significant difference between Figure 
2 and Figure 3 when the culling rate is weak (𝜂 = 0.1). 
 
Figure 4 exhibit a decreasing prevalence of avian influenza in bird population when culling rate for infected birds 
is high (𝜂 = 0.8), even with increasing infection transmission rate (𝛼𝐵 = 0.3, 0.65, 0.75). This Figure further 
reveals that with a strong culling (𝜂 = 0.8) of infected birds, the disease can be eradicated in the shortest 
possible time.  
 
Similarly, Figure 5 shows decreasing prevalence of avian influenza with increasing culling rate (𝜂 =
0.2, 0.5 0.85). The stronger the culling rate, the shorter it takes for the eradication of the disease. The implication 
of this result is that effective culling of infected birds can be useful intervention for the control and eradication of 
avian influenza infection in avian population.  
Figure 6 shows increasing prevalence of avian influenza infection in humans with increasing infection 
transmission rates (𝛼𝐵 = 0.3, 0.6, 0.8) in the absence of any intervention (𝜀 = 0;  𝜂 = 0). Figure 6 shows 
convergence of the solution profile to the disease free equilibrium (DFE) with the basic reproduction number, 
𝑅0 < 1, which is consistent with Lemma 1. The implication is that, the infection transmission rate constitutes an 
essential key to preventive strategies against large outbreaks and that avian infection can be eradicated from the 
human population over time whenever 𝑅0 < 1. 
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Figure 7 shows increasing prevalence of avian influenza infection in humans with increasing infection 
transmission rate (𝛼𝐵 = 0.36, 0.6, 0.8) in the presence of weak isolation rate (𝜀 = 0.1) and without culling of 
infected birds (𝜂 = 0).  
 
Figure 8 exhibits a decreasing prevalence of avian influenza in human population when isolation rate of infected 
human is high (𝜀 = 0.6) without culling of infected birds(𝜂 = 0). Figure 8 further reveals that the higher 
(stronger) the isolation of infected humans the shorter it takes for the eradication of the disease. 
 
Figure 9 shows decreasing prevalence of avian influenza with increasing isolation rate (𝜀 = 0.3, 0.5, 0.6) without 
culling of infected birds (𝜂 = 0). Figure 9 further reveals that the higher the isolation rate, the shorter the time it 
will take to eradicate the disease.  
 
Figure10 also shows a decreasing prevalence of avian influenza in humans with increasing isolation rates 
(𝜀 = 0.3, 0.5, 0.7) and low culling rate(𝜂 = 0.2). The Figure further shows that with a combination of high 
(strong) isolation of infected humans and low culling rate of infected birds the disease can be eradicated within a 
shorter period than only isolation of infected humans. 
 
 Figure11 shows decreasing prevalence of avian influenza with increasing isolation rate  (𝜀 = 0.3, 0.5, 0.7) and 
high culling rate (𝜂 = 0.8). This figure further reveals that with a combination of strong (high) culling of 
infected birds (𝜂 = 0.8) and high (strong) isolation of infected humans(𝜀 =  0.7), the disease can be eradicated 
in the shortest possible time. Thus a combination of isolation of infected individuals and the culling of infected 
birds as a control strategy is effective for the control and eradication of avian influenza.  
 
4.0 Conclusion 
We presented numerical simulations of a deterministic epidemiological model for the transmission dynamics of 
avian influenza. This study extended the model by Kimbir et al (2014) by exploring numerical solutions. It was 
established that the disease – free equilibrium state of model was locally asymptotically stable if  R0 < 1 and 
unstable if R0 > 1. 
Numerical solutions of the model were obtained using the fourth – order Runge – Kutta integration scheme 
coded in MATLAB. Numerical simulations of the model revealed that the infection transmission rate constitutes 
an essential key to preventive strategies against pandemics. Thus effort geared at reducing the infection 
transmission rate is a good and effective preventive strategy.  
Numerical simulation further revealed that effective culling of infected birds or isolation of infected individual is 
a good control strategy for avian influenza infection. But combining effective culling of infected birds and 
isolation of infected individuals is crucial as a control measure against any pandemics. 
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